We use 8.3 µm mid-infrared images acquired with the Midcourse Space Experiment satellite to identify and catalog Infrared Dark Clouds (IRDCs) in the first and fourth quadrants of the Galactic plane. Because IRDCs are seen as dark extinction features against the diffuse Galactic infrared background, we identify them by first determining a model background from the 8.3 µm images and then searching for regions of high decremental contrast with respect to this background. IRDC candidates in our catalog are defined by contiguous regions bounded by closed contours of a 2σ decremental contrast threshold. Although most of the identified IRDCs are actual cold, dark clouds, some as yet unknown fraction may be spurious identifications. For large, high contrast clouds, we estimate the reliability to be 82%. Low contrast clouds should have lower reliabilities. Verification of the reality of individual clouds will require additional data. We identify 10,931 candidate infrared dark clouds. For each IRDC, we also catalog cores. These cores, defined as localized regions with at least 40% higher extinction than the cloud's average extinction, are found by iteratively fitting 2-dimensional elliptical Gaussians to the contrast peaks. We identify 12,774 cores. The catalog contains the position, angular size, orientation, area, peak contrast, peak contrast signal-to-noise, and integrated contrast of the candidate IRDCs and their cores. The distribution of IRDCs closely follows the Galactic diffuse mid-infrared background and peaks toward prominent star forming regions, spiral arm tangents, and the so-called 5 kpc Galactic molecular ring.
introduction
Since the early identifications of optically dark regions (e.g., Barnard 1919; Bok & Reilly 1947; Lynds 1962; Feitzinger & Stuewe 1984) , extinction apparent from stellar density fluctuations or against bright, diffuse background emission has been used to identify, catalog, and study interstellar clouds. In recent years, such studies have started to exploit increasingly higher angular resolutions and longer wavelengths. Since extinction is much smaller at infrared (IR) wavelengths compared to the optical, the distances out to which dark clouds can be detected, as well as the dynamic range in magnitudes of extinction, have become much larger. With the advent of large scale, multi-color IR surveys, such as the Two Micron All Sky Survey (2MASS; Skrutskie et al. 1997 ) and the Spitzer Galactic Legacy Infrared Mid-Plane Survey Extraordinaire (GLIMPSE; Benjamin et al. 2003) , extinction studies have become even more sophisticated, combining number density fluctuations of stars with color information (e.g., Lada et al. 1994; Cambrésy et al. 2002) .
Recent high resolution, high sensitivity IR surveys of the Galactic plane, performed with the Infrared Space Observatory (ISO; Pérault et al. 1996) and Midcourse Space Experiment (MSX; Egan et al. 1998 ) satellites have identified a new class of interstellar clouds, the Infrared Dark Clouds (IRDCs). IRDCs are clouds of high extinction (> 2 mag at 8 µm; Egan et al. 1998 ) seen in silhouette against the bright Galactic background at mid-IR wavelengths Hennebelle et al. 2001) .
Preliminary millimeter and submillimeter studies of a few IRDCs show they are dense (> 10 5 cm −3 ), cold (< 25 K), and have very high column densities (∼ 10 23 -10 25 cm −2 ; Egan et al. 1998; Carey et al. 1998 Carey et al. , 2000 . IRDCs are often completely opaque at wavelengths between 7 and 100 µm Teyssier et al. 2002) . The low temperatures of IRDCs indicate that they lack the massive young stars that can be associated with dense molecular gas clouds. These properties make them excellent candidates to be in the earliest stages of star formation. Indeed, some evidence suggests ongoing, deeply embedded star formation in a few IRDCs (Redman et al. 2003; Ormel et al. 2005) . Very recently, three massive protostars toward an IRDC have also been detected (Rathborne et al. 2005) .
Despite their potential importance, little is known about the origin and Galactic distribution of IRDCs. In order to understand the role of IRDCs in star formation and the Galactic interstellar medium, it is important to identify and catalog a large, uniform sample. To produce such a catalog, a sensitive, high angular resolution mid-IR survey is necessary. The MSX Galactic Plane Survey (Price et al. 2001) provides the ideal dataset. Launched in 1996, the MSX SPIRIT III 33.7 cm telescope was used to survey the Galactic Plane at four mid-IR wavelengths centered on 8. 3, 12.1, 14.7, and 21.3 µm (Bands A, C, D, and E, respectively An MSX IRDC catalog will be a valuable resource for finding candidate star forming clouds and cores in their early stages of evolution. However, because of the inherent difficulties in identifying extended structures, it must be understood that this catalog contains only candidate cores. It will, however, help to support a number of existing and planned IR surveys. For example, the study of IRDCs will form a key component of the GLIMPSE Spitzer Legacy project. Identification of a large sample of IRDCs will also allow follow-up, higher angular resolution studies by future space-based missions such as Herschel and the JWST, the airborne SOFIA telescope, and large ground-based IR telescopes such as the IRTF, Gemini, and Subaru. The MSX IRDC Catalog will provide the finding charts by which to characterize IRDCs and their embedded cores throughout the Galaxy.
generating the irdc candidate catalog
In this section, we outline our method for producing the catalog of IRDCs from the 8.3 µm MSX images. Because IRDCs are revealed as extinction features, we define IRDCs as extended regions that show a significant decrement in the mid-IR background. In order to identify and catalog IRDCs, we have written an automated algorithm that selects IRDCs from the MSX Galactic Plane Survey. We used the MSX Band A plates available at the NASA/IPAC Infrared Science Archive (IRSA 2 ). Each image is a Cartesian projection about the Galactic Center and has 6 ′′ pixels and 20 ′′ angular resolution. From the original MSX images (1.5 by 1.5 degrees in size), we generated larger mosaics of 4.5 degree width in Galactic longitude and the full height of the MSX coverage in Galactic latitude (±5 degrees). Adjacent mosaics overlap by 1.5 degrees in longitude. Our IRDC identification algorithm contains three major steps: (1) modelling the diffuse IR background, (2) generating an image of decremental contrast against the background, and (3) identifying and selecting candidate IRDCs. The overall methodology described here is also illustrated in Fig. 1 . Each of these steps is described in detail in the following sections.
Modelling the Diffuse IR Background
We assume that the 8.3 µm images, apart from bright emission from small regions or point sources, consist of a diffuse, extended IR background against which the IRDCs are superposed. To model this background, we must retain only the slowly varying spatial components of the images. We have chosen the technique of spatial median filtering to generate our model background.
For each pixel, the diffuse background intensity is estimated by selecting the median value of the intensity distribution of all pixels inside a circular region centered on each pixel. The size of the circular region must be larger than the typical size of IRDCs; otherwise, the decrement due to the presence of an IRDC will be considered a fluctuation in the background. On the other hand, it must also be small enough to follow the real spatial fluctuations in the background.
Because typical sizes of IRDCs are smaller than 10 ′ (Carey et al. 2000) , the filter should be larger than ∼ 10 ′ . On the other hand, because typical spatial variations in the Galactic plane 8 µm background are typically larger than ∼ 30 ′ (estimated from cuts through the original MSX data parallel and perpendicular to the plane at various longitudes), the filter should also be no larger than ∼ 30 ′ . With these considerations in mind, we varied the filter size through a wide range of values, and finally selected a circular region with a radius of 15 ′ (150 pixels for the original 6 ′′ MSX pixel size). We tested the reliability of our background model by inspecting cuts in various directions over a wide range of longitudes. In the majority of cases for our choice of a 15 ′ radius circular spatial filter, the modelled background intensity very closely follows the variation in the MSX images and appears to yield a satisfactory background estimate. Fig. 1 shows an original MSX 8.3 µm image and the corresponding model background for a typical field. In addition, Fig. 2 shows a plot of the background model superposed on the original image data for a cut through a larger field.
The Contrast Image
Once the diffuse background is estimated, we then generate an image of the decremental contrast against that background. In order to enhance brightness sensitivity and suppress spurious detections in the noisier (relative to the background) low background, higher latitude regions, we first convolved the MSX images with a 20 ′′ Gaussian. The resulting images thus have an effective angular resolution of 28
′′ . The smoothed 8.3 µm image is then subtracted from the diffuse background image, and then divided by the background image, to produce the 'contrast' image: Contrast=(Background-Image)/Background. With this definition, regions that reveal a decrement against the diffuse background will have a positive contrast. The lower panel of Fig. 1 shows a contrast image calculated from the data and background (top and middle panel). All regions showing obvious extinction in the MSX image are clearly identified as high contrast features, in particular the IR dark cloud at l = 28.
• 35, whose contrast of ∼ 0.6 is among the highest values found in the Galactic plane.
IRDC Candidate Identification
We then examine the contrast image to select IRDCs. We require that IRDCs be isolated from one another, continuous, and extended. Using a method of closed-contour identification, we identify IRDCs as regions which contain contiguous pixels above a certain contrast threshold and angular size (using algorithms developed using the data reduction package graphic 3 ). All IRDC candidates must meet the following two criteria to be included in the catalog. First, the contrast values for the contiguous regions must be large enough to be real, and not the result of instrumental noise. The uncertainty in the contrast for each pixel was calculated using the rms sr −1 for the smoothed, 28 ′′ resolution, images). We identify as candidate IRDCs only those regions whose contrasts are at least twice the error (2σ) estimated for each of the contiguous pixels. Second, the IRDCs must be extended in order to avoid identification of very small features, which may be artefacts due to noisy pixels in the MSX images. Consequently, we require that IRDCs have an equivalent area, defined by the area enclosed by 10% of the peak contrast level, to be larger than twice the convolved 28
, 232 square arcsec. In practice, we retain only those sources with 36 or more contiguous pixels (1,296 square arcsec).
The 10,931 sources thus identified comprise the candidate clouds in our MSX IRDC catalog. Fig. 3 shows several of the clouds (marked as black ellipses) identified toward a subset of the region in the Galactic plane shown in Fig. 1 and 2 superposed on the original 8.3 µm data (top panel) and on the contrast image (bottom panel).
It is possible that the catalog contains spurious identifications of dark patches due to holes in the 8 µm emission. Such misidentifications can only be revealed by a careful cross-correlation of the catalog members with emission tracing cold molecular gas, namely molecular line or millimeter/submillimeter continuum observations. The reliability, including validation of a sample of clouds in the catalog, is discussed in Section 2.5.
Cores
In many cases, individual IRDC candidates show considerable substructure in their contrast images. Since the distinct mid-IR extinction peaks probably represent column density peaks, and hence candidate star-forming cores, their positions, sizes, and contrasts are of potential interest. Moreover, different dark cores apparently of the same dark cloud are not necessarily at the same distance, but may be two distinct cores at different distances along the same line of sight. This presumption is confirmed for a few high contrast IRDCs from our catalog, where, for some cores of the same cloud, we found significantly different molecular line radial velocities (Simon et al., submitted) in 13 CO J=1→0 Galactic Ring Survey data (GRS, Simon et al. 2001) .
To decompose the clouds into cores we use twodimensional elliptical Gaussian fits to the contrast images and fit at least one core to each cloud starting with the peak contrast. For this first core, the contrast value and the center position of the Gaussian are fixed to the peak contrast and its position. The sizes and orientations of the Gaussian ellipses are free fit parameters.
After subtracting the fit result from the original contrast image, the new peak contrast and its position in the residual image are determined. If the residual peak contrast is at least 40% larger than the cloud's average contrast (integrated contrast/area), we fit another core. This procedure was iterated until the residual peak contrast falls below the 40% cutoff. After some experimentation with the cutoff value, we selected the value of 40% to find cores that would be identified by eye, and to exclude fluctuations in the complicated cloud structure. Fig. 3 also shows the cores (marked as white ellipses) identified within the clouds for a small region in the Galactic plane.
The purpose of cataloging the cores is to provide the locations and approximate extents of the compact highest contrast regions within IRDCs. Preliminary results suggest that IRDCs contain real cores that are potentially sites of star formation (Redman et al. 2003; Ormel et al. 2005; Rathborne et al. 2005) . Moreover, although the IRDC position is listed by the contrast centroid, the first core position for each cloud lists the contrast peak. To locate the most probable site of current or future star formation, the position of peak contrast is clearly of interest. Because the larger high contrast clouds usually have more than one contrast peak, some sort of decomposition of the contrast distribution is required in order to identify potentially interesting cores in the catalog.
Although the actual cloud and core morphologies are usually complicated, nevertheless a simple Gaussian decomposition of the highest contrast clump is usually sufficient to determine positions and approximate sizes. As can be seen in Fig. 3 , the fitted cores are typically well within the boundaries of the dark clouds and the positions of the contrast enhancements are well defined [see, e.g., the IRDC at (l,b)=(28.35,0.05) in the lower panel]. The orientation and sizes of the cores, however, are sometimes not well fitted, in particular close to foreground stars visible as holes in the contrast image [see, e.g., the IRDC at (l,b)=(28.2,-0.2) in Fig.3 ].
IRDC Reliability
Given the intrinsic difficulties in identifying regions of contrast against a highly variable background, our identification algorithm will miss some real IRDCs and also produce some spurious identifications. The spatial sizes of the detected IRDCs are further constrained by the finite resolution of MSX and by the chosen size of our spatial median filter. The algorithm also cannot distinguish voids in regions of complicated, bright emission from actual extinction features. It is also possible that adjacent IRDCs may be parts of the same object split by foreground emission or unveiled young stars. Unfortunately, given the very complicated morphologies of both the sources and the background, the reliability and completeness of the catalog is difficult to estimate. The best approach is to measure these empirically by verifying the reality of a candidate cloud via morphological matching of molecular line and millimeter/submillimeter continuum emission. Preliminary studies to do just that are underway. In the meantime, we caution the reader that the reality of specific, individual IRDC candidates will require confirmation. We assess the reliability of our catalog in the following sections.
Size Scales
The minimum and maximum sizes of clouds and cores detectable by our algorithm are governed by the median filtering circle on the large scales and the angular resolution in the MSX images after smoothing on the small scales. These angular scales are clearly reflected in the cloud and core statistics shown in Fig. 4 .
Typical cloud sizes are 1 ′ to 5 ′ . We do not detect clouds that are > 7.
′ 5. Although our algorithm may miss clouds > 0.
• 5 (i.e., the diameter of our filter), visual inspection of the MSX images suggests that no obvious IRDCs have escaped detection due to their large size. Typical core sizes are 0. ′ 75 to 2 ′ and the minimum detected size corresponds to the 28 ′′ angular resolution of the MSX images after smoothing.
Source Validation
To validate a subsample of our IRDCs, we correlated our catalog with the source lists obtained from MSX Carey et al. 1998 Carey et al. , 2000 and ISO data (Hennebelle et al. 2001; Teyssier et al. 2002) .
Out of the combined MSX lists containing 14 entries, we detect all IRDCs except the cloud at (l,b)=(79.34,0.33). We do not detect this cloud as it is located next to the very bright mid-IR emission associated with the radio continuum source DR15 (Downes & Rinehart 1966) and also has two bright, presumably foreground, compact sources superposed on top. This combination causes the modelled background towards the dark cloud to be overestimated, which in turn lowers the contrast below our identification threshold.
The ISO lists of Hennebelle et al. (2001) and Teyssier et al. (2002) contain 6 and 13 dark cloud candidates (3 identical in both lists), respectively, extracted using a multiscale wavelet analysis (Hennebelle et al. 2001) . We detect all 6 from Hennebelle et al. (2001) and 7 out of 13 IRDCs listed in Teyssier et al. (2002) . The six clouds our method misses have either very low contrast in the MSX images, are narrow, or small extinction features on top of a very bright background. We therefore conclude that we do not detect these clouds due to lower sensitivity, resolution (or a combination of the two), and strong gradients in the mid-IR emission in complex regions.
Another study to test the reliability of our catalog made use of 13 CO J=1→0 data from the GRS (Simon et al., submitted). We identified a sample of 379 large, high-contrast clouds (sizes > 1.53 ′ and contrast > 0.25) from our catalog that fell within the GRS survey region. If the 13 CO morphology over a particular velocity range matched the mid-IR extinction, we concluded that the candidate IRDC is in fact real. Out of 379 sources, we established morphological matches with 312 clouds. This suggests that, at least for the large, high contrast clouds the reliability is close to 82%. The difficulties in identifying clouds are exacerbated at low contrast and low signal-to-noise. Therefore, we fully expect the lower contrast clouds to have a lower reliability. However, quantitatively assessing the reliability of the catalog as a function of contrast is beyond the scope of the present paper.
Spurious Identifications in Complex Emission Regions
Our algorithm may make spurious IRDC identifications, most often in bright emission regions with complex structure or at the borders of bright, diffuse emission. In such regions, almost always star-forming regions such as W51 or Cygnus X, gaps between bright structures or filaments may erroneously be identified as IRDC candidates. Indeed, of the 18% of the spurious identifications in the GRS region, most were found toward the bright, complex W51 region. The user should be particularly suspicious about the reality of IRDC candidates toward such regions.
Completeness
The completeness of the catalog is difficult to estimate. The detectability of dark clouds and the observed contrast values depend on a number of factors, including the instrumental noise level, the background intensity, and radiative transfer along the line of sight. Toward high latitude regions the 1σ fluctuations, presumably the instrumental noise, is 2.1 × 10 −7 W m −2 sr −1 . This is an upper limit to the noise as the MSX Galactic plane survey noise is a function of Galactic longitude and latitude. The data are slightly more sensitive toward the Galactic plane.
The background varies considerably from roughly 1 − 2 × 10 −6 W m −2 sr −1 in the Galactic Plane to a maximum of 1.4 × 10 −5 W m −2 sr −1 toward the Galactic Center region. Although in principal we could detect totally opaque clouds with contrast of 1.0, we do not observe any clouds with such high contrast levels. This implies that IRDCs are either partially transparent or that the absorption gets filled in with foreground emission on the way to the observer. Considering that IRDCs are typically a few kpc away, the latter explanation appears to be more likely. Foreground emission would result in a lower observed contrast and may even cause intrinsically high contrast clouds to drop below our detection limit. The most straightforward method for finding the completeness and reliability of the catalog is by empirical studies using molecular line or millimeter/submillimeter continuum data.
Contrast Significance
To give some estimate of the signal to noise or significance of an IRDC identification, we calculate the ratio of the peak contrast to its error (c/∆c). This was calculated at the center pixel for each of the cores identified. We do not calculate this for the clouds, as the position listed in the catalog is the contrast centroid and not the position of the peak contrast. The contrast error for a particular pixel was calculated by dividing the 1σ noise in the images (2.1×10 −7 W m −2 sr −1 ) by the value of the modelled background in that pixel. Fig. 5 shows the contrast significance as a function of Galactic longitude and latitude.
description of the catalog
The catalog contains entries for each cloud and its associated cores. Table 1 gives a sample of the catalog entries. The complete catalog is available in electronic format at the website http://www.bu.edu/galacticring/msxirdc.
Clouds
For each IRDC identified, we list several parameters derived directly from the identification algorithm. For all derived parameters, we consider only pixels above the 2σ threshold. The columns of Table 1 are as follows: (1) the cloud name, designated as MSXDC (for MSX Dark Cloud) followed by the Galactic longitude and latitude (l and b) coordinates, e.g., MSXDC G045.33+00.65, (2) a descriptor that indicates whether the entry is a cloud or core. Clouds are denoted by a "0" in this field, and cores by a letter (a, b, c, etc) , (3) and (4) the Galactic coordinates (l and b) in degrees, calculated as the centroid of the contrast distribution, (5) the length in arcmin of the major axis of the cloud, defined as twice the distance between the cloud's contrast centroid and the most distant pixel from the centroid, (6) the length in arcmin of the cloud's minor axis, defined as twice the distance between the cloud's contrast centroid and the most distant pixel from the centroid along the axis perpendicular to the major axis, (7) the position angle in degrees east of north of the major axis, defined as the line connecting the cloud's contrast centroid and the cloud's most distant pixel from the centroid,(8) the total area of the cloud in square arcmin (area of the pixels above 2σ), (9) the peak contrast, (10) the ratio of the core's peak contrast to its uncertainty (this is not calculated for clouds), and (11) the integrated contrast in square arcmin, defined as the sum of the contrast over all pixels above 2σ, times the area of the cloud.
Note that the cloud coordinates give the position of the contrast centroid and do not necessarily reflect the position of the contrast peaks (these are listed in the information for the cloud cores). As a result, the contrast centroid may not fall within the cloud boundary for some complex morphologies. Because the clouds have irregular shapes, we present the results in columns (3) to (7) merely to estimate a clouds' approximate position, size, and orientation. Because the dark cloud contrast is roughly proportional to the column density, the integrated contrast given in column (11), just like the integrated intensity of an optically thin molecular line map, should be roughly proportional to the mass of the cloud.
Cores
The cores, or contrast peaks, were found by fitting elliptical Gaussians to the contrast image for each cloud. Every cloud has at least one core fitted at the peak contrast position, and larger clouds may contain additional cores. In the catalog, the cores are listed immediately after the entry for their associated cloud. The columns are as follows: (1) the name of the IRDC that contains the core, designated as MSXDC (for MSX Dark Cloud) followed by the Galactic coordinates, e.g., MSXDC G045.33+00.65, (2) a descriptor that indicates whether the entry is a cloud or core. Cores are designated by a letter (a, b, c, etc) in order of decreasing contrast, (3) and (4) the Galactic coordinates (l and b) in degrees of the core position, defined as the peak of the fitted elliptical Gaussian, (5) the length in arcmin of the major axis of the fitted ellipse, (6) the length in arcmin of the minor axis of the fitted ellipse, (7) the position angle in degrees east of north of the major axis of the fitted ellipse, (8) the total area of the core in square arcmin, (9) the peak contrast, (10) the ratio of the peak contrast to its uncertainty, and (11) the integrated contrast in square arcmin, defined as the integrated contrast of the elliptical Gaussian within the half power contour.
ensemble properties
The Galactic distribution of the IRDCs is shown in Fig. 6 . Not surprisingly, the IRDC distribution is well correlated with bright 8.3 µm emission from the Galactic plane. Because IRDCs are extinction features, they are easier to detect when the background emission is bright. In addition, since IRDCs may be associated with star forming regions, their number may be enhanced where the background is brightest. With the current data, it is difficult to distinguish between these two factors.
In detail, IRDCs are more numerous toward prominent IR-bright, star forming regions in the inner Galaxy such as the spiral arm tangents toward Cygnus (Orion arm) and W51 (Sagittarius arm) in the north, and Centaurus (Norma arm) and Carina (Scutum arm) in the south. IRDCs are also common toward the bright IR emission between Galactic longitudes −50
• to +50
• due to heated dust associated with the Galactic 5 kpc molecular Ring, the Milky Way's dominant star forming structure (Robinson et al. 1984) .
In Fig. 7 we plot histograms of the IRDC distribution as functions of Galactic longitude and latitude together with the variation in the modelled background intensity. Both distributions reflect the diffuse mid-IR background. The latitude distribution is approximately Gaussian with a FWHM of ∼ 2.
• 2. Very few IRDCs are found beyond ±2
• in Galactic latitude. In Fig. 8 we plot a histogram of the IRDC peak contrast. The distribution is approximately power law and sharply declines with increasing contrast. The turnover near a contrast of 0.1 reflects the sensitivity limit of the MSX data and our identification algorithm.
5. summary We present a catalog of candidate IRDCs in the Galactic plane spanning the range of Galactic longitudes −90
• to +90
• and latitudes −5
• to +5
• . We identified the clouds using algorithms which model the diffuse IR background via a median filter technique, generate images of decremental contrasts, and select IRDCs based on contiguous pixels above a 2σ contrast threshold. A further criterion is that the IRDCs must be extended, so that they cover a solid angle at least twice that of the 28 ′′ convolved beam solid angle. We have identified a total of 10,931 IRDCs.
Within each cloud, we have also identified embedded cores, or contrast peaks. For each cloud, we identify a core with the maximum contrast peak, and also include other cores if their contrasts are > 40% of the IRDC's average contrast. We identify 12,774 cores.
The Galactic distribution of IRDCs closely follows the mid-IR background emission, and the distribution of contrasts is approximately power-law. In the future, radio, millimeter, submmillimeter, and IR studies will yield the distances, sizes, masses, and other physical properties of IRDCs and their embedded cores, and establish their role in the process of star formation.
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